The Josephson plasma resonance in single-crystalline Bi 2 Sr 2 CaCu 2 O 8ϩ␦ has been investigated at a microwave frequency of 35 GHz in a TE 102 cavity resonator as functions of external magnetic field (H ext ʈc axis͒, temperature, and sample dimension L of the ab plane. A sharp resonance is observed in a perpendicular oscillating electric field (E rf ʈc), whereas multipeaks are found in a parallel oscillating magnetic field (H rf ʈab). The former is independent of the sample dimension, while the latter shifts to higher fields as the sample size L is reduced, and it disappears when L becomes smaller than the critical length L*. At 35 GHz, the value of L* is obtained to be 1.6 mm. The size-dependent resonance observed in H rf ʈab can be explained by the strong dispersion relation of the transverse Josephson plasma, while the size independence of the resonance in E rf ʈc can be described by the longitudinal Josephson plasma as predicted by the recent theory of Josephson plasma of Tachiki et al. Since the longitudinal plasma mode is the Nambu-Goldstone mode in a superconductor, the experimental distinction between the longitudinal and the transverse mode leads to the conclusion that the existence of the Nambu-Goldstone mode as predicted by Anderson was experimentally confirmed by direct observation of the Josephson plasma resonance with longitudinal excitations. The finite gap found in the Josephson plasma resonance also provides a direct proof of the Anderson-Higgs mechanism within the context of the spontaneously broken phase symmetry of the gauge-field theory in a superconductor.
I. INTRODUCTION
Since the observation of a sharp plasma edge at a farinfrared frequency region in polycrystalline high-T c samples by Noh et al., 1 and in single-crystalline La 2Ϫx Sr x CuO 4 by Tamasaku et al., 2 the collective plasma mode excited by electromagnetic waves in high-T c superconductors has attracted much attention. Tachiki et al. 3 pointed out that this excitation is characteristic of layered superconductors coupled with the Josephson effect, and cannot be observed in conventional three-dimensional superconducting systems where the plasma excitation energy p ϳeV lies well above the superconducting gap ⌬ of a few meV. 4 In high-T c superconductors such as Bi 2 Sr 2 CaCu 2 O 8ϩ␦ , it has been inferred that the well-separated layered structure may give rise to the weakly coupled superconductor-insulator-superconductor ͑SIS͒ Josephson interaction, since anomalous Josephsonjunction-like behavior in I-V characteristics has been observed. [5] [6] [7] [8] In fact, Fertig and Das Sarma, 9 and Mishonov 10 have predicted the existence of the low-energy excitations even in the superconducting energy gap ⌬ in such layered systems. For example, the plasma frequency perpendicular to the layers in Bi 2 Sr 2 CaCu 2 O 8ϩ␦ , can be estimated to be p ϭc/ͱ⑀ c Ϸ1 meV, which is much lower than the superconducting energy gap ⌬Ϸ30 meV. 11, 12 In such a condition, the plasma oscillation can be expected to be observable by electromagnetic excitations since the Landau damping mechanism does not work. The electromagnetic resonance due to the plasma oscillation in a microwave frequency region was discovered by Tsui et al. 13 in the surface impedance measurement of the ab plane of Bi 2 Sr 2 CaCu 2 O 8ϩ␦ in a perpendicular external field (H ext ʈc). Subsequently, Matsuda et al. 14 observed a sharp resonance by the experiments in a perpendicular oscillating electric field (E rf ʈc) with a cavity resonator. They interpreted that this resonance is due to the Josephson plasma resonance as suggested by Bulaevskii et al. 15 In those studies, it is also shown that the absorption line intensity, the width, and the position behave in a complicated fashion as functions of the external field H ext , the microwave frequency , and the temperature T, suggesting the existence of a strong coupling between the plasma modes and the vortex state. Since then, several theoretical [16] [17] [18] A fundamental question has arisen from the recent theoretical studies. Since there exist two plasma modes, longitudinal and transverse, as collective excitations, the question is which mode has been observed experimentally. According to theory, the two modes have very different dispersion relations: the longitudinal plasma mode (kʈc) has a characteristic flat dispersion, whereas the transverse one (kЌc) shows a strong dispersion which tends to a linear dependence for k→ϱ. 22 As a result, the line shapes of the resonances are expected to differ considerably: for the longitudinal mode, it should be sharp and almost symmetric, while the resonance of the transverse mode has a broad and asymmetric line shape because of the long tail on the higher field side of the resonance. In order to examine the character of the two modes, experiments have been performed with various configurations of sample position and microwave fields, E rf and H rf . From these experiments, it is concluded that the resonance observed in the case of E rf ʈc is not the transverse plasma mode but the longitudinal one. 23 This conclusion contradicts earlier ones, 14, 15 which identified it as the transverse mode.
In this paper, we discuss in detail how to distinguish the two modes experimentally by using two configurations of plasma excitations among several possible configurations of microwave E rf and H rf vectors and the crystallographic axes of the sample: one is the case E rf ʈc and the other is the case H rf ʈab. Two plasma modes can be generated separately and independently by these two experimental conditions. The distinction of the two modes is done by making use of the sample size dependence of the plasma resonance: for the transverse mode excited in the configuration of H rf ʈab, a systematic shift of the resonance field was observed as a function of the sample size L in the ab plane, while for the longitudinal mode, it is independent of L according to the theoretical prediction. 24, 25 This sharp difference of the sample size effect is expected from the characteristic dispersion relation of the transverse mode.
This clear experimental evidence for two distinct plasma modes leads to an interesting corollary concerning a fundamental aspect of the superconducting transition. As is well known in the theory of phase transitions with the spontaneous symmetry breaking, the phase symmetry of the gauge field is spontaneously broken with the appearance of the superconducting phase. The collective excitations associated with the broken phase symmetry in a superconductor are known to be the longitudinal plasma mode, which is the Nambu-Goldstone mode. [26] [27] [28] [29] Therefore, the distinction of the two plasma modes made in the present experiments gives direct experimental confirmation of the existence of the Nambu-Goldstone mode in a superconductor. 30, 31 The plasma mode in a charged system such as conventional superconductors has an energy gap of the order of eV. Thus, as pointed out by Anderson, the Nambu-Goldstone mode has never been observed experimentally in the past. Furthermore, the observed energy gap of the plasma mode proves directly the validity of the Anderson-Higgs-Kibble 32-34 mechanism for superconducting phase transition.
II. EXPERIMENT
All experiments were performed at 35 GHz. A rectangular cavity resonator with TE 102 mode was used. It is advantageous to use the cavity resonator in order to determine the experimental configurations between oscillating electromagnetic fields, E rf and H rf , and the crystal axis of the sample. The cavity is made of a piece of copper waveguide and can be opened easily by mechanically sliding the quarter of the bottom part of the cavity as shown in Fig. 1 . The measurements were performed for two samples. Superconducting transition temperatures are 90 and 84 K for sample A and B, respectively. This was checked after all measurements were done by magnetic-susceptibility measurements in a superconducting quantum interference device magnetometer. Both samples are rectangular thick films with thickness of 20 m. Sample A was carefully cut in several steps using a sharp knife from the initial size of 2.8 mmϫ2.5 mm to final size of 0.73 mm ϫ 0.72 mm. At each step, resonance experiments with varying temperature were carried out for different configurations of the sample ͑both E rf ʈc and H rf ʈab). The sample was placed at two positions in order to have the two different configurations shown in Fig. 1 . In the first case, the sample is placed at the position where E rf is maximum and E rf and H ext are parallel to the c axis on the sample stage made of Teflon ͑as shown in the inset ͓a͔͒. This configuration is same as in previous experiments. 14, 23 In the second case, the samples are glued on the H plane of the cavity with grease so that H rf and H ext are parallel and perpendicular to the ab plane, respectively ͑as shown in the inset͓b͔͒.
We employ as the measurement system a conventional reflection-type microwave bridge which consists of a klystron, a magic tee, E-H tuners, an isolator, an attenuator, and the other components. The incident microwave power is roughly estimated to be between 50 and 10 mW, although the absorbed power was not calibrated. The absorption signal is detected as a change of cavity impedance by a semiconductor detector. In principle, this system has the advantage, in comparison with the bolometric techniques which have been previously employed, that additional phase information can be extracted from the resonance data. The block diagram of the measuring system is shown in Fig. 2 .
III. EXPERIMENTAL RESULTS

A. Resonance absorption in a perpendicular oscillating electric field "E rf ʈc…
For both samples, a sharp plasma resonance is observed. As an example, typical resonance lines of sample A are shown in Fig. 3 , where the absorption is shown as a function of H ext , applied parallel to the c axis, for various temperatures below T c . The resonance line begins to appear just below T c near zero field and the resonance field shifts to higher field as temperature is decreased. The resonance field shows a maximum around 25 K and decreases again as temperature is decreased. At temperatures lower than 25 K, the resonance line tends to show considerable hysteresis with field increase and decrease. It is noted that the hysteretic resonance line below 25 K shows relaxation behavior, indicating that the nonequilibrium magnetic properties are involved in this phenomenon. This hysteretic behavior is clearly seen in the data at 15 and 20 K in Fig. 3 .
Another feature seen in Fig. 3 is that the resonance line shape is almost symmetric with a slight tail on the higher field side. This behavior contrasts with that for the case of H rf ʈab as described below. All these behaviors are very similar to the previous results obtained in the same condition. 14, 23 When the sample dimension in the ab plane is reduced, the position of resonance line does not move in this configuration (E rf ʈc). This experiment was carried out on sample B whose dimension in the ab plane was varied from 1.8 to 0.79 mm, although the lines are not shown here.
B. Resonance absorption in a parallel oscillating magnetic field "H rf ʈab…
Resonance absorption at various temperatures below T c ϭ90 K is shown in Fig. 4 at 35 GHz with H rf ʈab ͑see the inset of Fig. 4͒ . The spikelike lines at 12.48 kOe are due to the ESR signal of DPPH ͑1,1-dyphenil-2-picryl hydragyl͒ as a field marker. The sample was a rectangular shape, 1.46 mm ϫ2.40 mmϫ28 m, in this particular case. In this case, two distinct peaks with different characters were observed: the resonance at the lower field is sharper and relatively weaker, while the one at a higher field is broader and stronger in absorption intensity. These characteristic features of the two lines for H rf ʈab are in sharp contrast with the case for E rf ʈc, where only a single line is observed regardless of the sample dimension L. The number of lines are determined as a function of the sample dimension for H rf ʈab. In the case of larger sample dimension L, we observed multiabsorption lines ͑more than two͒. We have chosen the sample to be as large as possible for this experiment but it is restricted by the dimension of the cavity and the field homogeneity inside the cavity as seen in Fig. 1 .
When the temperature is varied from 4.2 K, both resonance lines shift toward higher fields up to about 25 K, then turn to decrease to lower fields drastically. Below 25 K, the resonance curve shows the hysteretic behavior as seen in Fig.  3 . It seems experimentally that such a temperature dependence of the resonance lines is common for both cases in H rf ʈab and in E rf ʈc. This behavior, in particular, for the case of H rf ʈab is plotted in Fig. 5 , where the sharp maximum of the resonance field as a function of temperature can be seen. These maximum positions reproduce very well the irreversibility line as pointed out previously. 13 In this figure, the temperature dependence of the resonance lines for two other sample dimensions are also added.
The observed absorption lines at 25 K at various sample sizes are displayed in Fig. 6 . Here, L Ќ , as shown in the inset of Fig. 6 , is the sample length along the direction perpendicular to H rf , which is varied, and the length along the parallel direction L ʈ to H rf is kept constant for all L Ќ . In this condition, the peak at higher field shifts to higher field as L Ќ is reduced and sharply diverge at the critical length of L*.
The sample dimension L Ќ is actually changed from 2.50 to 0.737 mm. The largest size is limited by the cavity size. In contrast, the lower resonance does not move despite changing the sample size. We note that the resonance absorption at the lower field remains at the same field, similar to the one for E rf ʈc, although the intensity decreases as the size is reduced. We have checked the influence of the L ʈ on the reso -FIG. 4 . The resonance absorption of sample A for a fixed dimension of the ab plane at 35.0 GHz. The oscillating magnetic field (H rf ) is applied parallel to the ab plane. In this particular sample dimension, two transverse Josephson plasma resonance peaks can be observed. A sharp and rather symmetric resonance is observed at lower field, whereas a broad and asymmetric resonance is seen at a higher field. A small and sharp spike at 12.48 kOe is due to the ESR signal of DPPH as a magnetic-field reference marker. The inset shows the sample geometry with configuration of the microwave H vector and the external field. 6 . The absorption lines observed in sample A at 25 K at a various sample dimensions of the ab plane. The detailed sample geometry as well as the configuration between the microwave H rf and external field H ext is shown in the inset. The sample size is reduced along one direction step by step, and the length along the other direction is fixed at 2.4 mm. The broad resonance at a higher field shifts to higher fields as L decreases, while the sharp resonance at the lower field does not move. The absorption intensity decreases as L is decreased.
nance field H res for the case in H rf ʈab. It is experimentally confirmed that the resonance line did not shift at all.
As seen in Figs. 4 and 6, the characteristic feature in the case of H rf ʈab is the line shape. The lower field line is sharp and has more or less a symmetric line shape, in strong contrast to the higher field line, which exhibits broad and rather asymmetric line shapes with a strong tail at the higher field side. When the sample size is reduced to the critical dimension L*, the resonance line shifts sharply to the higher field side and becomes extremely broad, then disappears at L*. Although the higher field resonance line is influenced by the dimension, the lower field line does not shift at all. The smallest sample dimension in this case was Lϭ0.737 mm, limited by the detection limit of the resonance intensity.
IV. DISCUSSION
In this section, we will discuss the nature of the resonance which is observed under two different configurations, E rf ʈc and H rf ʈab. We take the x and y axes in the ab plane and the z axis along the c axis of the samples in the following discussion.
A. Plasma excitation with a perpendicular oscillating electric field: longitudinal plasma
As described in Fig. 1 , the sample is placed at the center of the cross section of the cavity at a distance g /4 above the bottom of the cavity. In this case, the oscillating electric field E rf acts uniformly on the sample. ͑The inhomogeneity of the E rf in the sample with 1 mm ϫ 1 mm size is estimated to be less than 5% over the sample.͒ Moreover, it is advantageous that, in this cavity mode, the electric vector E rf can be separated from the magnetic vector H rf without complication. This condition cannot be met by other cavity modes such as the cylindrical ones. If the external electric field E rf is uniform in the ab plane, we can assume that the phase difference between the layers is also uniform in the direction parallel to the layers. As is well known, the gauge-invariant phase difference between lϩ1th and lth layers is defined by
where 0 ϭhc/2e, l (t) is the phase of the order parameter on the lth superconducting layer and A z (z,t) is the z component of the vector potential. The oscillating electric field E rf induces the current through the lϩ1th and lth layers, which consists of Josephson current j c sin lϩ1,l (t), quasiparticle current qp E lϩ1,l (t), and displacement current (⑀/4) ϫ(‫ץ/ץ‬t)E lϩ1,l (t), and can be expressed as
where j c is the Josephson critical current density, qp is the conductivity for the quasiparticle current, and ⑀ is the highfrequency dielectric constant of the insulating block layers, respectively. If the charging effect is taken into account, the Josephson relation of the phase difference lϩ1,l (t) and the voltage difference V lϩ1,l (t) between the layers is shown as
where s and D are the thickness of the CuO 2 and the block layers, and is the screening length of the superconducting charge, which is much shorter than the London penetration depth c . This equation ͑3͒ is the modified Josephson relation for the case of thin electrodes and can be reduced to the conventional Josephson relation when ⑀ 2 /sD→0. Combining Eqs. ͑2͒ and ͑3͒, we have the equation for the gaugeinvariant phase difference:
where ␣ϭ⑀ 2 /sD, ␤ϭe/D j c , and c ϭͱc 0 /8 2 D j c is the penetration length along the c axis. The solution of Eq. ͑4͒ for Jϭ0 and qp ϭ0 gives the dispersion relation of the longitudinal Josephson plasma as
with p ϭc/ͱ⑀ c . Since ⑀ϳ10 and ϳ10 Å, this dispersion relation is almost independent of k z in the microwave frequency region (k z ϳ1 cm Ϫ1 ). Although the excited plasma is represented by the superposition of the standing waves with wave number k 2nϩ1 ϭ(2nϩ1)/d, with n and d being the integer and thickness of the sample, the longitudinal plasma resonance has a sharp and little asymmetry of the line shape because of the dispersionless character of the longitudinal plasma expressed by Eq. ͑5͒. Similar results have been reported earlier by Bulaevskii et al. 35 for arbitrary k, although they do not take into account the charge screening effect.
In this experiment, d is fixed for all L, and L is not sensitive to k z because of the flat dispersion. Therefore, L changes little unless d varies drastically. Experimental results 13 , where H 0 ϭ⌫ 2 / L 2 is the resonance field. Using this equation, it is found that the resonance field is also independent of L. The observed resonance field is indeed independent of L within the experimental error. This agrees with the theoretical predictions discussed above.
B. Plasma excitation with a parallel oscillating magnetic field: transverse plasma
Let us consider a layered system whose dimension is L along the x axis and infinity along y and z axes as displayed in Fig. 7 . When H rf is applied parallel to the y axis with uniform intensity within the ab plane, the screening current j is induced. As a result, the electric field E is formed in accordance with the Maxwell's equations and the London equation as follows:
where jϭ(0,0,j z ), Aϭ(0,0,A z ), Bϭ(0,B y ,0), and E ϭ(0,0,E z ). The normal mode of the electromagnetic wave inside the superconductor can be obtained by setting B y ϰexp͓ikxϪit͔ into the Maxwell's equations ͑7͒ and ͑8͒. As a result, the following condition has to be satisfied:
where k is defined as kϭkЈϩikЉϭ(/c)ͱ(). 
͑11͒
The power absorption ဧϭ͐ ϪL/2 L/2 dx͗Rej•ReE͘ t can be rewritten as
where ()ϭ⑀(1Ϫ p 2 / 2 )ϩ4i qp /. Since the resonance peaks originate from the pole of Eq. ͑12͒, this condition yields either ()ϭ⑀(1Ϫ p 2 / 2 )ϭ0 or 1 ϩcos"(/c)ͱ()L…ϭ0. The former equation leads the fundamental resonance at ϭ p , while the latter equation gives the multiple resonance at the frequencies given as 
͑13͒
As mentioned before, we can rewrite 2 / p 2 for H/H 0 , thus the resonance field is determined by Eq. ͑13͒,
where H 0 denotes the resonance field of the large L limit. This implies that the multiple-resonance lines may be observed, depending on the sample size L. For instance, double resonance lines are observable with condition of 4.05 mm рLр6.75 mm for ⑀ϭ10 and /2ϭ35 GHz, whereas a single resonance is expected in 1.35 mmрLр4.05 mm. It is noted that there is only a fundamental mode when the sample size is smaller than 1.35 mm. Figure 8 shows the experimental results of the resonance field as a function of L. The resonance lines show the sharp divergent behavior as the sample size is reduced. The solid lines are the fitted curves using Eq. ͑14͒ with a single parameter ⑀. As seen in Fig. 8 the agreement between the experimental results and the fitted curve is excellent. From this analysis the value of ⑀ϭ8.47 is deduced.
V. SUMMARY
We have measured the Josephson plasma resonance as a function of the sample size L, and characterized the longitudinal and the transverse plasma modes. It is of importance to stress here that the two plasma modes were experimentally separated out and were identified independently.
The longitudinal plasma is excited by a perpendicular oscillating electric field (E rf ʈc), exerted uniformly in the ab plane. Since the resonance field, which is equivalent to the Josephson plasma frequency, is independent of the dimension in the ab plane in this case, the longitudinal plasma, which propagates with the wave vector k perpendicular to the layers, is actually independent of ͉k͉.
In contrast, by applying the parallel oscillating magnetic field (H rf ʈab), the transverse plasma can be generated, which propagates parallel to the ab plane. Therefore, the Josephson plasma resonance observed in this configuration strongly reflects the dispersion relation. This results in the appearance of the strong ab-plane size dependence. The shift of the resonance field by reduction of L is quantitatively explained by Eq. ͑14͒ with a single parameter ⑀, and is in good agreement with the picture of the layered superconducting system with finite size of the plane. 24, 25 The result of the fitting gives the value ⑀ϭ8.47. This good agreement ensures that the theoretical model used here is appropriate to describe the Josephson plasma phenomena. This sharply contradicts the approach given by Bulaevskii et al., [15] [16] [17] 35 who do not take into account the charge screening effect in their treatment, although the final result is almost identical. This charge screening effect is the most essential difference in the layered system such as Bi 2 Sr 2 CaCu 2 O 8ϩ␦ in comparison with the conventional Josephson junctions.
According to the concept of the spontaneously broken symmetry, the symmetry of the phase degree of freedom of the gauge field is broken in the superconducting transition. [26] [27] [28] [29] The longitudinal plasma mode is the collective excitation mode, also called the phason mode or the Nambu-Goldstone mode. 30, 31 However the transverse plasma mode is not the Nambu-Goldstone mode in a superconductor.
In a conventional superconductor, the plasma modes ͑both longitudinal and transverse mode͒ have an energy gap, which is of the order of eV, far beyond the superconducting energy gap of a few meV. This energy gap was predicted by Anderson, 26 who took into account the long-range Coulomb interaction effect in the theory of superconductivity. The energy level is identical to the plasma energy in the normal state, which lies at such high energies that the excitation mode cannot be distinguished from the quasiparticle excitations with the strong Landau damping. Therefore, there has been no experimental confirmation of the plasma mode in a superconductor, especially the longitudinal plasma mode ͑Nambu-Goldstone mode͒.
The Josephson plasma mode is nothing but the superconducting plasma mode associated with the Josephson Cooper pair tunneling through insulating layers, and has been proved to exist in the present high-T c superconductor Bi 2 Sr 2 CaCu 2 O 8ϩ␦ . 17, 22, 30 As explained in Sec. III, we were able to separate the two Josephson plasma modes experimentally. This enables us to identify the longitudinal Josephson plasma mode separately from the transverse one. This was experimentally carried out by measuring the sample size dependence of the resonance, which is derived from the difference in the dispersion relations of the two modes. The experimental result agrees very well with the theoretical prediction as described in Sec. IV. Therefore, it is concluded that we have experimentally confirmed the existence of the Nambu-Goldstone mode in a superconductor, which has a finite gap as described by the Anderson-Higgs mechanism. 29, 32, 33 We also note that although the CarlsonGoldman mode 36 in a conventional Josephson junction was shown to be the Nambu-Goldstone mode, the excitation is only possible with strong coupling between Cooper pairs and quasiparticles. Therefore, this excitation may be only observable in the very vicinity of T c . 
